Zirconium-based ferromagnetic sorbent was fabricated by coprecipitation of Fe 2+ /Fe 3+ salts in a zirconium solution and explored as a potential sorbent for removing the Cu 2+ , Zn 2+ , and Cd 2+ from aqueous solution. The sorbent could easily be separated from aqueous solution under the influence of external magnetic field due to the ferromagnetism property. A trimodal distribution was obtained for the sorbent with average particle size of 22.74 m. The -OH functional groups played an important role for efficient removal of divalent ions. The surface of the sorbent was rough with abundant protuberance while the existence of divalent ions on the sorbent surface after the sorption process was demonstrated. Decontamination of the heavy metal ions was studied as a function of initial metal ions concentration and solution pH. Uptake of the heavy metal ions showed a pH-dependent profile with maximum sorption at around pH 5. The presence of the ferromagnetic sorbent in solution at different initial pH has shown a buffering effect. Equilibrium isotherms were analyzed using Langmuir, Freundlich, Dubinin-Radushkevich, and Temkin isotherm models. Adequacy of fit for the isotherm models based on evaluation of 2 and ARE has revealed that heavy metal ions decontamination was fitted well with the Freundlich model.
Introduction
Heavy metals are natural constituents of earth's crust, but indiscriminate human activities have drastically transformed their geochemical cycles and biochemical balance [1] . At present, pollution of aquatic ecosystems by the heavy metals is a significant problem as the heavy metals constitute certain most hazardous substances that can bioaccumulate in environment and ecosystem. Toxic metal compounds on the earth not only reach the earth's waters (seas, lakes, ponds, and reservoirs), but also can contaminate underground water in trace amounts by leaking from the soil after rain and snow [2] . The toxic metal ions dissolved can ultimately reach top of food chain and therefore developed a risk factor for human health besides causing ecological damage [3] .
The risk of heavy metal pollution to public health and wildlife has led to an enlarged interest in development of effective technologies for water purification. Adsorption process has evolved into one of the prominent methods for removing organic and inorganic pollutants in waterway systems [4] . This effective and economic process has been found superior to other techniques such as ion exchange and precipitation for treating aqueous effluents in terms of initial cost, simplicity of design, ease of operation, and insensitivity to toxic substances [5] .
In recent years, the application of magnetic materials in solid phase extraction has received considerable attention by taking into account many advantages arising from the inherent characteristics of magnetic particles [6, 7] . The ferromagnetic sorbent can be easily recovered by magnetic separation technology and served as a satisfactory resolution for separation difficulty of ordinary powdered adsorbents. The ferromagnetic sorbent can simply be collected by an external magnetic field and such facile separation is essential to improving the operation efficiency. Additionally, the outstanding separation efficiency allows evacuation of the sorbent saturated with metal ions by means of magnetic captures, indicating a relatively simple technology without generation 2 Advances in Materials Science and Engineering of secondary effluents [8] . The magnetic separation technique combined with adsorption makes the wastewater treatment process simpler than applying a centrifugation or filtration.
Ferromagnetic iron oxide particles are the most favourable magnetic sorbents used in removal of pollutants due to their better magnetic properties, lower toxicity, and lower price [9, 10] . Besides, hexagonally ordered zirconia was shown to have high affinity towards Co 2+ , Ni 2+ , Cu 2+ , and Zn 2+ [11] . The findings herein are investigated for possibility of using the zirconium-based ferromagnetic sorbent for adsorptive removal of Cu 2+ , Zn 2+ , and Cd 2+ from aqueous solution. The dynamic behaviour of the metal ions sorption onto the ferromagnetic sorbent was studied with the effects of solution pH and initial metal ion concentration. The linear isotherm data analysis using two-parameter isotherm models was performed to validate the affinity between metal ions and aforementioned sorbent. In order to establish the most appropriate sorption equilibrium correlation, adequacy and accuracy in parameters prediction of the isotherm models were evaluated using error functions, regression coefficient (
2 ) and average relative error (ARE). The potential benefit of this study is to provide a certain theoretical basis for operational design and applicable practice of the sorption systems of heavy metals removal, which has drawn increasing attention in the area of water environmental protection.
Materials and Methods

Materials.
All chemicals used were of analytical reagent grade and they were used without further purification. The raw materials for sorbent fabrication, zirconium(IV) sulfate (Zr(SO 4 ) 2 ), iron(II) chloride (FeCl 2 ⋅4H 2 O), and iron(III) chloride (FeCl 3 ⋅6H 2 O), were obtained from SigmaAldrich Co. LLC whereas sodium hydroxide (NaOH) was obtained from Merck. O in appropriate amounts of ultrapure water produced using Sartorius arium5 pro ultrapure water system. All working solutions were freshly prepared by diluting the stock solutions to the desired concentrations, and initial pH value was adjusted to the designed values according to the following experimental design with hydrochloric acid (HCl) and sodium hydroxide (NaOH) solutions. The pH measurements were made using an Accumet AB15 pH meter equipped with a combine electrode (Fisher Scientific, USA). ∘ C for 24 h. Finally, the obtained Fe-Zr sorbent was cooled at room temperature. The product was then ground in an agate mortar, appearing in the form of fine powders, subsequently sieved with a 500 m stainless steel sieve, and kept at desiccator for further use.
Fabrication of the
Instrumental Analyses of the Zirconium-Based
Ferromagnetic Sorbent. The particle size distribution of the zirconiumiron oxide particles was measured by Particle Size Analyzer (PSA) (CILAS 1090, French). The particle size analysis by laser diffraction gives measurement range from 0.02 m to 500 m in wet mode.
The surface functional groups of the zirconium-based ferromagnetic sorbent before and after metal ion adsorption were detected by an attenuated total reflectance (ATR) technique using a Fourier Transform Infrared (FT-IR) Spectroscopy (Shimadzu IRAffinity-1, Japan). Samples were measured by pressing them against a diamond prism that is positioned horizontally for the infrared microscope analysis. The infrared spectra were recorded in the IR wavelength between 4000 and 400 cm −1 . The spectra data was collected with twenty scans at a resolution of 4 cm −1 and the apodization function was of the Happ-Genzel type. All the spectra were recorded and plotted in the same scale on the transmittance axis.
Surface morphology of the ferromagnetic sorbent was studied by JEOL JSM-6390LA scanning electron microscope (SEM) with an embedded energy dispersive X-ray analyzer (EDS) for the elemental analysis of the ferromagnetic sorbent. The dry sample was mounted on aluminium plates using double-sided conductive carbon tape and sputter-coated with an Au film in vacuum using a JEOL JFC-1600 Auto Fine Coater prior to measurement. The coated sample was then visualized and examined with the scanning electron microscopy analysis operated at 10 kV. On the other hand, the qualitative EDS spectrum analyses on the specimen surface were conducted at 15 kV accelerating voltage and 35
∘ takeoff angle of X-ray at the analytical working distance of 10 mm. A probe current of 1 nA was raster-scanned across the specimens to minimize the risk of sample damage during imaging. All elements were readily observed and mapped using Smiling program.
Potentiometric titration was applied to study the acidbase properties of the ferromagnetic sorbent and the ionic exchange properties with regard to H + and OH − ions. The amount of 0.1 g of sorbent was added to 100 mL ultrapure water. A recorded volume of 0.1 M HCl was added to the mixture. The pH of each addition of acid was recorded in a time interval of 10 min. During the titration, the solution was gently shaken on the water bath and the experiment was carried out at 25 ± 1 ∘ C. The experiment was repeated using 0.1 M NaOH to replace the 0.1 M HCl. The acid and base titration experiments were conducted separately. 
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Adsorption Experiments
Equilibrium Study.
The heavy metal ions sorption isotherm was determined using batch experiments at varied initial metal ion concentration ranging from 5 to 350 mg/L. In each test, the sorbent at solid/solution ratio of 1 g/L was loaded in the 100 mL Erlenmeyer flasks with solution containing different concentration of heavy metal ion. The flasks were kept sealed in order to minimize losses to atmosphere. Next, the flasks were shaken in a refrigerated incubating shaker (Thermo Scientific 491, Japan) at 200 rpm for 24 h at 25±1 ∘ C. After the reaction period, all samples were filtered by 0.45 m membrane filter and analyzed for heavy metal ions using the atomic absorption spectrophotometer (AAS) (Shimadzu, AA-7000, Japan) equipped with D 2 (deuterium lamp) method as a background correction, an airacetylene burner, and controlled by the AA software, namely, WizAArd. The hollow cathode lamp was operated according to the elements of Cu, Zn, and Cd at 10 mA, 7 mA, and 5 mA whereas the analytical wavelength was set at 324.8 nm, 213.9 nm, and 228.8 nm, respectively. The amount of heavy metal ions adsorbed onto the sorbent (Q e ) was calculated by mass balance equation of heavy metal ions before and after the sorption as expressed by
where 0 (mg/L) and (mg/L) are the initial and equilibrated heavy metal ions concentrations, respectively, (L) is the solution volume, and (g) is the weight of the sorbent used. Correction for any sorption of heavy metal ions on the Erlenmeyer flask surface was made using the control experiment carried out under identical conditions in the absence of the zirconium-based ferromagnetic sorbent. These experiments indicated no detectable sorption by the Erlenmeyer flask surface and other factors.
Effect of Solution pH Study.
Studies have been performed to identify the effect of solution pH on heavy metal ions sorption and uptake by the zirconium-based ferromagnetic sorbent. The effect of solution pH was investigated in batch mode by varying the initial pH of the solution over the range of 2-7 with initial metal ion concentration, 50 mg/L, while keeping the other experimental conditions similar to equilibrium study. The experiments were carried out in triplicate in order to better understand the system.
Estimation of Best Fitting Isotherm Models.
Over the past few decades, linear regression has been established as a major option in designing liquid-phase adsorption systems. Determination of the best isotherm model through analysis of regression coefficient (
2 ) is efficient but this indicator is limited to solving isotherm models that present linear forms [20] . Hence, average relative error (ARE) was employed in order to evaluate the fit of the isotherm equations to the experimental data and it is expressed as in
where ,exp and ,calc are the experimental and theoretically calculated adsorption capacity at equilibrium, respectively, while is the number of data points.
Results and Discussion
Characterization of the Zirconium-Based Ferromagnetic
Sorbent. The zirconium-based ferromagnetic sorbent is validated to have a good ferromagnetic property. As demonstrated in Figure 1 , the ferromagnetic sorbent is attracted to a permanent magnet which is placed at outer wall of a glass vial that contains the sorbent. The magnetic attraction phenomenon occurs in both presence (wet) and absence (dry) of aqueous solution. Complementary to this, the magnetic sorbent also is able to be separated from dispersions with the application of a magnetic field after sorption process. Figure 1 illustrates that the sorbent is attracted and agglomerated with the aid of a permanent magnet and the supernatant is then discarded. The solution was observed to become limpid when the vial was placed near a permanent magnet for a few seconds. This sorbent is used to adsorb heavy metal ions and subsequently isolated from the medium by the technique of magnetic separation. Once magnetized, the particles behave like small permanent magnets, thus forming lattice or aggregates due to magnetic interaction [7] . The zirconium-based ferromagnetic sorbent functionalized with the magnetic elements such as iron or oxides of iron and alloys enable the sorbent to have ferromagnetic properties that help rapid and easy separation of the new solid phase from the solution; thus avoiding the time consuming conventional column passing and filtration operations appeared to be promising especially in the case of environmental applications. The particle size distribution is shown in Figure 2 . It was found that this volume-based distribution of the ferromagnetic particles was in the range of 0.06 m to 110 m and the average particle size was 22.74 m. The analysis in the particles led to a trimodal distribution of the dispersion in the micron range. A larger fraction of the powdered particles was within the size range of 20 m to 100 m and the median particle size of the zirconium-iron oxide powders was 11.52 m. Figure 3 displays the FT-IR spectra obtained for the ferromagnetic sorbent before and after sorption process. The analysis indicated that hydroxyl groups play an important role in the uptake. The stretching vibration of functional group −OH usually forms a broad brand region within the range of 3100-3700 cm −1 for the presence of hydroxyl of coordinate water molecules. It was observed that those peaks have altered significantly after metal ion sorption, indicating the involvement in binding of the metal ion and ferromagnetic sorbent. Meanwhile, the prominent peaks at low frequency zone in the range of 500-700 cm −1 observed are due to metal oxygen stretching vibration which could be attributed to ZrO and Fe-O stretching vibration bond in the ferromagnetic sorbent. Besides, there were obvious additional peaks in the spectra after sorption (Samples (b)-(d)), showing evidences of Fe-O-H stretching (∼882 cm −1 ) and bending (793 cm −1 ) vibrations for adsorbed ion species. These imply that the -OH groups are involved during the metal ions sorption. Additionally, there is a peak on the multispectra around 2300 cm −1 that corresponds to the asymmetrical stretch of carbon dioxide (CO 2 ), indicating CO 2 in atmosphere is dissolved into the samples [21] .
On the other hand, Figure 4 shows the SEM images of the ferromagnetic sorbent taken at a magnification capacity of ×10000 and a scale bar of 1 m. The sorbent particles with varying sizes agglomerated together appearing with irregular surface morphology. The surface of sorbent which was rough with abundant protuberance favoured the diffusion of metal ions into the ferromagnetic sorbent. The micrograph revealed irregularly shaped amorphous particles of the ferromagnetic sorbent similar to the characteristic of zirconia [22] . The existence of the very small sized particles along with the large agglomerates could be the explanation for the results obtained from particle size analysis where multimodal distribution was determined (Figure 2 ). The qualitative EDS spectrum analyses on the specimen surface were demonstrated in Figure 5 . Based on Figure 5 (a), the EDS spectrum revealed the energy spectrum of the X-ray character emitted from the element of iron (Fe), zirconium (Zr), and oxygen (O). Furthermore, no impurities were detected that would be attributable to contamination of chemical precursors. The existence of Cu 2+ , Zn 2+ , and Cd 2+ on the sorbent surface after the adsorption process could be observed accordingly comparing the EDS peaks with that of unloaded one, as presented in Figures 5(b)-5(d) . It was suggested that the heavy metal ions have been adsorbed on the surface of the magnetic particles successfully.
Potentiometric titration was used to elucidate the functional groups on the ferromagnetic sorbent responsible for metal ions sorption. The acid-base nature of the zirconiumbased magnetic sorbent and its equivalence point were identified. Based on Figure 6 , the equivalence point of the titration curve was around pH 7 and the buffering zone was around pH 4 to pH 10. It was discovered that the ferromagnetic sorbent exhibited amphoteric behaviour where it could resist changes in pH upon the addition of small amount of acid or base. In order to further examine their behaviour, the effect of initial solution pH on the sorption process was performed and discussed in the section below.
Effect of Initial Metal Ion Concentration.
The maximum sorption capacity obtained from the equilibrium studies was in the following order: Cu 2+ (48.4 mg/g) > Cd 2+ (30.9 mg/g) > Zn 2+ (29.2 mg/g) as presented in Figure 7 , where the different sorption capacity may be due to disparity in cations radius and interaction enthalpy values [23] . Comparison of maximum adsorption capacity of the zirconium-based ferromagnetic sorbent with various magnetic sorbents reported in literatures for Cu 2+ , Zn 2+ , and Cd 2+ adsorption is presented in Table 1 . The adsorption capacity of the ferromagnetic sorbent was found to increase with the equilibrium concentrations of the metal ions in solution, progressively reaching saturation of the sorbent. The results indicated that when the metal ion concentration in the solution increased, the difference in concentration between bulk solution and surface also 6 Advances in Materials Science and Engineering increased hence intensifying the mass transfer processes [24] . This sorption characteristic suggested that surface saturation is dependent on the initial metal ion concentrations. At low concentrations, adsorption sites took up the available metal more rapidly, whereas at higher concentrations, metal ions need to diffuse to the sorbent surface by intraparticle diffusion and greatly hydrolyzed ions were diffused at a slower rate [25] . In the adsorption process, the metal ions were initially diffused from the boundary layer film onto the sorbent surface and finally diffuse into the porous structure of the sorbent.
Effect of Initial Solution pH.
The solution pH of the sorbate solutions has been known as the most important parameter governing sorption of metal ions on different sorbents. This may be due to the fact that hydrogen ions themselves are strong competing sorbate and the solution pH influences chemical speciation of metal ions [26] . The effect of surface characteristics of the sorption of metal ions from aqueous solution was correlated with the pH of the solution, as this affects the surface charge of the sorbents, solubility of metal ions, concentration of counterions on sorbent functional groups, and the degree of ionization of the sorbate [27] . The effect of initial solution pH on the heavy metal ions sorption by the zirconium-based ferromagnetic sorbent demonstrated in Figure 8 (a) was strongly pH dependent. It was observed that the uptake of metal ions increased as the solution pH increased until the maximum uptakes were noted at pH around 5. As the pH of the solution increased to approximately 7, precipitation begins in the form of insoluble hydroxide, M(OH) 2 . Hence, it was believed that the sorption process became increasingly masked by precipitation and led to the increase of sorption capacity of Zn 2+ and Cd
2+
detected at pH around 7. Consequently, experiments were not conducted over pH 7 to avoid precipitation of metal complexes and hinder the distinction between adsorption and precipitation as heavy metals removal process [28] . The idea of working in a condition close to that naturally established by the medium without requiring significant modifications was also considered; the optimum pH for metal ions sorption was therefore determined to be 5 and applied in all experiments. Optimal sorption of inorganic divalent metal ions at this pH has been reported in numerous studies for rice bran, black gram husk, and Agbani clay [29] [30] [31] .
The effect of solution pH on metal cation sorption is principally the result of changes in the net proton charge on particles. At low solution pH, the minimal sorption may be due to the higher concentration and high mobility of H + , which are preferentially adsorbed rather than metal ions. The increase in positive charge density on the sorbent surface Advances in Materials Science and Engineering sites resulted in electrostatic repulsion between the metal ion and positive charge on the sorption edges. In contrast, electrostatic repulsion decreases with increasing pH due to the increase in negative charge on the surface of sorbent thus enhancing metal cations sorption [32] .
Similarly, the sorption would be retarded if the acidic environment was too strong to disturb the complex interaction of metal ions and functional group of the sorbent. This phenomenon has suggested that treatment with acid would enable regeneration of the ferromagnetic sorbent. Correspondingly, increasing of the solution pH value after saturation does not increase the metal ions sorption, but a partial metal ions desorption may occur due to the reaction of metal ions with OH − ions and precipitate as a metal hydroxide [33] . The metal ions in the aqueous solution may undergo hydrolysis. Below pH 6, the dominant species of all metals are M 2+ and M(OH) + [12] . Ghaffar [34] mentioned that simple hydrolysis of most divalent metal ions is written as is being taken up by the sorbent, the reaction above shifts to the left, leading to the depletion of protons and accordingly a rise in pH value. The addition of NaOH to raise the pH before equilibration enhanced sorption of metal ions by the sorbent, suggesting that metal ion binding was occurring as carboxyl or hydroxyl ligands [35] . Additionally, Horsfall Jr. and Spiff [36] claimed that chemical bonding may be involved in metal adsorption; for instance, the H + ions compete effectively with M 2+ ions for sorption sites at low pH and the ion exchange mechanism may be represented in two ways as shown in
where B − and B are polar sites on the sorbent surface.
Furthermore, it was notable from Figure 8 (b) that the reactions occurring during the sorption process caused slight fluctuation in the equilibrium pH. The equilibrium pH slightly increased as initial pH was below 5, whereas it decreased to lower values for initial pH above 5. These observations might be due to some buffering phenomena that occur during the sorption reaction. Good buffering capacity was shown at pH around 5 as mentioned in previous section which might be contributed by metal hydrous oxides. It can be explained that zirconium and iron hydrous oxides exhibit amphoteric surface hydroxyl sites in water [19] . Hydroxyl groups on metal oxide in water which can be protonated or deprotonated by the addition or deletion of hydrogen are the sites for ion exchange [37] .
At a lower solution pH, the hydrous oxides could be protonated as shown in
It is noteworthy that the sorbent surface binding sites are protonated; thereby H + ions compete for active sorption sites on the surface of sorbent; this condition does not favour the uptake of cations leading to electrostatic repulsion. Due to the phenomena of competitive adsorption, the sorption of cations onto the surface of sorbent is decreased.
At a higher solution pH, the hydrous oxides could be deprotonated as shown in
Nevertheless, an increase in pH produces a decrease in the positive surface charge as OH − ions predominate. This condition leads to electrostatic force of attraction between the negatively charged surface of sorbent and cations as the sorbent becomes less repulsive to cationic species. This phenomenon favours the adsorption of cations, thus resulting in increased binding of positively charged metal ions.
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In short, the adsorption mechanism is mainly contributed by the chemical interactions between the metal ions and the surface functional groups of the ferromagnetic sorbent. The increase in the adsorption of divalent ions with increasing pH indicates that an ion exchange mechanism between the H + ions and metal ions occurs at the oxygen-containing functional groups on the sorbent surface. Based on the FT-IR analyses, the oxygen atoms of the hydroxyl groups donate their single pair of electrons to the metal ions, thus increasing the cation exchange capacity of the sorbent. Protons in the functional groups of the sorbent are exchanged with the metal ions. Chemical bonds between the metal ions and the surface functional groups of the zirconium-based ferromagnetic sorbent are mainly responsible for adsorption.
Adsorption Isotherms
The adsorption isotherms were mathematical models that described the distribution of the adsorbate species among the liquid and solid phases at the equilibrium state of an adsorption system. A state-of-the-art review of adsorption two-parameter isotherms models including Langmuir, Freundlich, Jovanovic, Dubinin-Radushkevich, Temkin, FloryHuggins, and Hill isotherm models, their fundamental characteristics, and mathematical derivations was adopted to evaluate the decontamination of heavy metal ions by the zirconium-based ferromagnetic sorbent. The applicability of Langmuir, Freundlich, Dubinin-Radushkevich, and Temkin isotherm models is desirable to be presented for the isotherm analysis.
Langmuir Isotherm Model.
The Langmuir isotherm model was derived based on the assumption of monolayer adsorption on a structurally homogeneous surface where there is no interaction between molecules adsorbed on neighbouring sites [38] . The linear form of the Langmuir isotherm is given by
where (mg/g) is the sorbate amount sorbed on sorbent at equilibrium, (L/mg) is Langmuir equilibrium constant, and (mg/g) is the maximum monolayer coverage capacity. The Langmuir constants ( and ) can be calculated from the plot of / versus . is related to the apparent energy of sorption and reflects a complete monolayer (mg/g).
Moreover, the essential characteristics of Langmuir isotherm can be explained in terms of a dimensionless constant separation factor or equilibrium parameter , which is defined by
The value of indicates the shape of the isotherm which is unfavourable ( > 1), linear ( = 1), favourable (0 < < 1), or irreversible ( = 0). Figure 9 (a) depicts the plot of / versus for the removal of heavy metal ions by using the zirconium-based ferromagnetic sorbent. From the plot, it was noticed that the sorption data were adequately fitted to the Langmuir equation with average regression coefficients ( 2 = 0.7130-0.8550). The Langmuir constants obtained were computed in Table 2 . The deviation of experimental data from the Langmuir isotherm may be due to the moderately homogeneous distribution of active sites on the surface of the ferromagnetic sorbent as this model introduced a clear concept of the monomolecular adsorption on energetically homogenous surfaces [39] .
Additionally, the calculated equilibrium parameter, , of the Langmuir isotherm was in the range between 0 and 1 for all the three heavy metal ions which indicate that the sorption processes were favourable.
Freundlich Isotherm
Model. The Freundlich isotherm model is an empirical equation which represents the multilayer adsorption on heterogeneous surfaces where there are interactions between adsorbed molecules [40] . Its linearized equation is illustrated as
where
is the Freundlich constant and is the constant of Freundlich equation exponent that represents the parameter characterizing quasi-Gaussian energetic heterogeneity of the adsorption surface. The value is related to the adsorption capacity while the slope, 1/ , ranging between 0 and 1 is a measure of adsorption intensity or surface heterogeneity, becoming more heterogeneous as its value gets closer to zero. However, a value below unity implies chemisorption process where 1/ above one is indicative of cooperative adsorption [41, 42] . As presented in Figure 9 (b), the Freundlich isotherm plot of log ( ) against log ( ) was fitted well with the experimental data. The value indicates the degree of nonlinearity between solution concentration and adsorption where the values in the present study were found to be 1.7109-2.2517 (Table 2 ). This may be due to a distribution of surface sites or any factor that had caused a decrease in sorbentsorbate interaction with increasing surface density. Besides, the values lied within the range of 1-10 representing good adsorption [43] .
Based on Table 2 , the values of obtained were 2.5704, 1.3871, and 1.2306 for Cu 2+ , Zn 2+ , and Cd 2+ , respectively. Increasingly large value indicates greater adsorption capacity. It can be concluded here that the studied metal ions can be reduced using the ferromagnetic sorbent for high value which has a large adsorption of capacity. This isotherm does not predict any saturation of the solid adsorbent surface; therefore infinite surface coverage is mathematically feasible. Furthermore, the linearity of the plot in Figure 9 (b) has revealed the applicability of the Freundlich isotherm and shown that adsorption-complexation reactions may possibly take place in the adsorption process [44] .
Dubinin-Radushkevich Isotherm
Model. The DubininRadushkevich isotherm model predicts the nature of the sorbate sorption onto the sorbent, and it is used to calculate the mean free energy of adsorption. This model is more general than the Langmuir isotherm as its deviation is not based on ideal assumptions such as equipotential of sorption sites, absence of steric hindrances between sorbed and incoming particles, and surface homogeneity on microscopic level [45] . The isotherm has been written as
where DR (mol 2 /J 2 ) is D-R isotherm constant related to the adsorption energy and is the Polanyi potential which is related to the equilibrium concentration and can be correlated as
where is universal gas constant, 8.314 J/mol⋅K, and is the absolute temperature at 298 K. The mean free energy of adsorption ( fe ) per molecule of sorbate is calculated from the DR values using
From the linear D-R isotherm plots for the sorption of the heavy metal ions onto the zirconium-based ferromagnetic sorbent, was determined to be 22.4031 mg/g, 15.1500 mg/g, and 18 .4654 mg/g for Cu 2+ , Zn 2+ , and Cd 2+ , respectively. The value of reveals the adsorption capacity performance; the higher the value of , the better the adsorption capacity performance. Hence, the sorption process by the ferromagnetic sorbent shows the trend: Cu > Cd > Zn. The linear plots presented in Figure 9 (c) and the analysis of the data showed that the experimental data do not correlate well with the D-R equation and this was confirmed by the regression coefficient shown in Table 3 .
On the contrary, the mean free energy, fe was used to ascertain the type of adsorption process under consideration. The typical range of bonding energy for ion exchange mechanisms is 8-16 kJ/mol, indicating that chemisorption may play a significant role in the sorption process. In contrast, bonding energy values lower than 8 kJ/mol indicate that the sorption process is of a physical nature. In this study, the calculated fe values were limited within the range of 0.10-0.22 kJ/mol, indicating that the removal of heavy metal ions by using the ferromagnetic sorbent occurs via physisorption. According to A. U. Itodo and H. U. Itodo [45] , physisorption is also called nonspecific adsorption which occurs as a result of long range weak Van der Waals forces between adsorbates and sorbents whereas the energy released when a particle is physisorbed is of the same magnitude as the enthalpy of condensation. In physical adsorption, equilibrium is established between the adsorbate and the fluid phase resulting in multilayer adsorption. Then, again, both physisorption and chemisorption may occur on the surface at the same time in some cases where a layer of molecules may be physically adsorbed on top of an underlying chemisorbed layer [46] .
Temkin Isotherm Model.
Temkin isotherm encloses a factor explicitly taking into account sorbent-sorbate interactions [47] . The model assumes that the adsorption heat of all molecules decreases linearly with the increase in coverage of the adsorbent surface. As implied in the equation, its derivation is characterized by a uniform distribution of binding energies (up to some maximum binding energy). A linear form of the Temkin equation can be expressed as
where (L/g) is equilibrium binding constant corresponding to the maximum binding energy and (J/mol) is the variation of adsorption energy. By plotting the quantity sorbed, versus In , the constants can hence be determined from the slope and intercept.
By referring to Figure 9( Tables 2 and 3 .
Apart from that, the low values of typical range of bonding energy, / , in this study indicated a weak interaction between sorbent and sorbate supporting a mechanism of ion exchange and the adsorption energy of all the molecules in the surface layer decreased at the cover surface. Higher values of the coefficient of correlation show a good linearity regardless of the maximum capacity of adsorption used to calculate the coverage area. Consequently, the Temkin isotherm can describe reasonably well the sorption isotherms of heavy metal ions onto the ferromagnetic sorbent with 2 = 0.6640-0.9024.
Comparison between Isotherm Models.
The typical assessment of the quality of the isotherm fit to the experimental data was based on the magnitude of the correlation coefficient for the regression. The values of regression coefficient, 2 , from the linearization of the four two-parameter isotherm models and the corresponding average relative error (ARE) obtained were listed in Table 3 . The ARE based on (2) gives small values when the data obtained from the model are comparable to the experimental data. It was noticed that the aforementioned isotherm models were appropriate in their own merits in describing the potential of the zirconiumbased ferromagnetic sorbent for the removal of Cu 2+ , Zn 2+ , and Cd 2+ from aqueous solution.
Consideration of the comparative magnitudes of the 2 and ARE had suggested that the Freundlich isotherm model provided a better model for the sorption systems. A plausible reason of this observation is that this isotherm requires the taking of logarithms, therefore introducing similar effects to the error structure. As the Freundlich equation describes adsorption where the adsorbent has a heterogeneous surface with adsorption sites that have different energies of adsorption, the presence of zirconium dioxide in the ferromagnetic sorbent may lead to a more heterogeneous surface [48] . The results were comparable to the previous works related to the removal of metal heavy ions onto various magnetic sorbents done by other researchers. For instance, Ehrampoush et al. [49] have observed that the adsorption of cadmium ions from aqueous solution by synthesized iron oxide nanoparticles with tangerine peel extract followed Freundlich model better than Langmuir model according to the regression coefficient. Charpentier et al. [50] also claimed that Freundlich model was found to be more accurate when describing the adsorption of Cu 2+ and Zn 2+ on magnetic carboxymethyl chitosan nanocomposites as the mechanism is in agreement with the good fitting of the experimental data with the Freundlich adsorption isotherm. Moreover, the isotherm data of removal of Cd 2+ from aqueous solution by shellac-coated iron oxide nanoparticles as an effective magnetic nanoparticle adsorbent were validated to be well fit with Freundlich isotherm with the maximum adsorption capacity, 18.8 mg/g at pH = 8 [51] .
Conclusions
The present investigation demonstrated that the zirconiumbased ferromagnetic sorbent fabricated by chemical coprecipitation method exhibited good performance to remove heavy metal ions (Cu 2+ , Zn 2+ , and Cd 2+ ) from aqueous solution. Instrumental analyses were performed using Particle Size Analyzer (PSA), Fourier Transform Infrared (FT-IR) Spectroscopy, and scanning electron microscopic-energy dispersive X-ray spectroscopy (SEM-EDS). The batch studies revealed that the sorption process was highly solution pH dependent. The sorption capacity was reduced when the solution was in strong acidic condition and reached the maximum at pH around 5. Equilibrium adsorption isotherms were measured for single component system and the experimental data were analyzed with four two-parameter isotherm models, namely, the Langmuir, Freundlich, Dubinin-Radushkevich, and Temkin isotherm equations. Two mathematically rigorous error functions, regression coefficient ( 2 ) and average relative error (ARE), have been addressed to evaluate the fitting ability of these models. Examination of the linear isotherm plots suggested that the Freundlich model yielded a better fit than all other models, indicating a heterogeneous surface of the zirconium-based ferromagnetic sorbent and multilayer adsorption nature of the decontamination process. Apart from that, the Freundlich constant ( ), which was estimated to be greater than 1 proved that the sorption of heavy metal ions from the aqueous solution was favourable. Due to the undeniable advantages of the zirconium-based ferromagnetic sorbent such as inexpensive preparation method and easy separation on application of magnetic field, it was noteworthy that the sorbent can be a potential candidate for the decontamination of heavy metal ions from industrial effluents.
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